Classical swine fever (CSF) is a highly contagious febrile viral disease caused by CSF virus (CSFV), and it is considered one of the most important infectious diseases that affect domestic pigs and wild boar. Previous molecular epidemiology studies have revealed that the diversity of CSFV comprises three main genotypes and different subgenotypes defined using a reliable cut-off to accurately classify CSFV at genotype and subgenotype levels. However, a growing number of CSFV both complete genome and full E2 gene sequences have been submitted to GenBank (more than 500 sequences are currently available, revised on December 1, 2017). Therefore, the aim of this study was to revisit the taxonomy of CSFV at genotype and subgenotype levels, to unify nomenclature and to provide an update to the classification of CSFV. We propose here a new genotyping scheme with five well-defined CSFV genotypes (CSFV Genotypes 1-5) and 14 subgenotypes (seven for each of the CSFV Genotype 1 and CSFV Genotype 2). The findings showed in this study are relevant for molecular epidemiology approaches and will help to better understand the genetic diversity and spreading of CSFV at a global scale. The update in the classification of CSFV will allow the scientific community to establish more accurately the links among different outbreaks of the disease.
Previous molecular epidemiology studies have revealed that the diversity of CSFV comprises three main genotypes and different subgenotypes (Postel et al., 2013) . To establish an international consensus for CSFV's classification system, a recent study assessed the reliability of the phylogenetic markers most commonly used in molecular epidemiology studies of CSFV (Rios et al., 2017) . Thus, the phylogenetic marker based on full E2 gene was found to be the best phylogenetic marker, capable of reproducing the same phylogenetic and evolutionary information as the complete viral genome (Rios et al., 2017) . In addition, Rios et al. (2017) , using the combination of Pairwise Sequence Comparison (PASC), Sequence Demarcation Tool (SDT) analyses and pairwise distance calculation, determined a reliable cut-off to accurately classify CSFV at genotype and subgenotype levels (Rios et al., 2017) . Rios et al. (2017) also investigated the evolutionary forces driving the genetic diversity and evolution of CSFV, including the conception of a structural model for E2 protein and other intensive computational analyses. Thus, collecting all these relevant data required a considerable amount of time; consequently, the data set of CSFV sequences used in this study included only those available until April 2016. However, a growing number of CSFV both complete genome and full E2 gene sequences have been submitted to GenBank (more than 500 sequences are currently available, revised on December 1, 2017), most of them updated after June 2016 when the study published by Rios et al. (2017) was already accomplished. In addition, at the time that the study reported by Rios et al. (2017) was under revision, two new subgenotypes (1.5 and 1.6) from CSFV isolates that circulated in Brazil were reported (Silva et al., 2017) . This last finding is indicative that the genetic diversity of CSFV could be broader than it was previously reported (Postel et al., 2012; Rios et al., 2017) . Hence, this study was prompted by the increasing number of sequences of CSFV available on GenBank and follows on the previously published proposals for the classification of CSFV based on 15% of genetic distance to differ among genotypes and 9% of genetic distance to consider new subgenotypes (Rios et al., 2017) . Therefore, the aim of this study was to revisit the taxonomy of CSFV at genotype and subgenotype levels, to unify nomenclature and to provide an update to the classification of CSFV. We propose here a new genotyping scheme with five well-defined CSFV genotypes (CSFV Genotypes 1-5) and 14 subgenotypes (seven for each of the CSFV Genotype 1 and CSFV Genotype 2). The findings showed in this study are relevant for molecular epidemiology approaches and will help to better understand the genetic diversity and spreading of CSFV at a global scale.
| MATERIAL AND METHODS

| Dataset
All available CSFV sequences from both the E2 full gene and the complete genome were downloaded from GenBank on December 1st, 2017 (Table S1 ). The genome region analysed in this study included the full E2 gene as previously proposed by Rios et al. (2017) . After removing poor quality and redundant sequences (Table S1 , sequence highlighted in grey), a total of 517 sequences of the E2 gene were included in the study (Table S1 ).
| Multiple alignment and model selection
All sequences were aligned using the MUltiple Sequence Comparison by Log-Expectation (MUSCLE) software freely available at: https:// www.ebi.ac.uk/Tools/msa/muscle. The software jModelTest 2.0 was used to estimate the best fit model using the Akaike and Bayesian information criteria (AIC and BIC) (Darriba, Taboada, Doallo, & Posada, 2012) . The best fit model selected was used for phylogenetic analysis and genetic distance calculation.
| Phylogenetic analysis
Phylogenetic analyses were performed following the methodology suggested by Rios et al. (2017) , briefly: searches for recombinant sequences and crossover regions were performed to remove the sequences with a possible recombinant event, using Geneconv, RDP, MaxChi, Chimera, BootScan, SiScan, 3Seq and LARD, all implemented in RDP3 Beta 4.1 (Martin & Rybicki, 2000) . Phylogenetic relationships of the CSFV strains using the E2 complete gene marker were analysed using a maximum likelihood (ML) approach. The sequences JX428945.1/NC_018713.1 belonging to the Pestivirus Aydin were used as outgroup.
| Calculation of pairwise nucleotide p-distances and PAirwise Sequence Comparison (PASC) analysis
Pairwise nucleotide p-distances were calculated using MEGA7 (Kumar, Stecher, & Tamura, 2016) . Different matrices of nucleotide divergence between groups were generated using an a-value = 0.66 and 1,000 bootstrap replicates to estimate variance. To confirm the reliability of the cut-off previously defined by Rios et al. (2017) for the different lineages of CSFV, a PASC analysis was performed.
Thus, all 517 unique CSFV sequences for E2 full gene were submitted to the Web tool DIVEIN (Deng et al., 2010) , and a histogram based on computing the divergence/diversity among and within CSFV lineages was accomplished.
| RESULTS AND DISCUSSION
The PASC analyses, based on the E2 gene from the 517 E2 full gene sequences, displayed a multimodal curve (Figure 1a) , similar to the results obtained by Rios et al. (2017) . Threshold values of 91% and 86% of identity allow to separate all the subgenotypes and genotypes of CSFV, respectively (Figure 1a) . Thus, the cut-off values were consistent with those previously obtained by Rios et al. (2017) .
It is important to denote that the cut-off values were not changed by the effect of the number of sequences employed. For other viral agents such as porcine circovirus type 2 (PCV2), when the taxonomy was revisited due to conflicting results obtained by different research groups (Franzo et al., 2015) , it was evidenced that the increase in the number of sequences analysed yielded incompatible cut-off values (Franzo et al., 2015) compared to those previously established (Grau-Roma et al., 2008) . Thus, the fact that the cut-off values to define CSFV genotypes and subgenotypes were not altered despite the fivefold increase in the total of sequences analysed ensures the accurate classification for this viral agent. (Vilcek et al., 1996) . This strain was found to be one of the most distinct strains in a phylogenetic study performed in 1996 (Vilcek et al., 1996) , and it was later misplaced as outgroup, in molecular epidemiology studies of CSFV (Postel et al., 2012 (Postel et al., , 2017 ). In the current study, CSFV strain "Congenital Tremor" showed a genetic divergence, compared to the remaining CSFV genotypes, between 15.7% and 17.4% (Figure 1c ). It is also important to denote that in phylogenetic analysis at species level, where rooted trees are analysed, those sequences from species closer to the species in study must be used as outgroup (Barrera et al., 2017; Holland, Penny, & Hendy, 2003; Martinez et al., 2012; Perez et al., 2011) . Since CSFV strain "Congenital Tremor" (sequence ID: JQ411575.1) showed less than 20% of genetic divergence when compared to the remaining CSFV genotypes, its use as outgroup is not appropriate when phylogenetic analyses are conducted at species level. However, the branch formed by this strain is divergent enough from CSFV Genotype 2 to be considered a new genotype.
The fact that the number of full sequences of CSFV E2 gene has In addition to the CSFV strain "Congenital Tremor," the CSFV strains JJ9811 and YI9908 isolated from Korea during 1998 and 1999, respectively, formed a statistically supported independent F I G U R E 1 Representation of frequency distribution of pairwise distance, the phylogenetic tree and genetic distance for all the five main lineages of classical swine fever virus (CSFV). (a) PASC results: The cut-off values of genotype (14.3%) and subgenotype (9.3%) of genetic divergence were denoted. (b) All nonredundant genomes were analysed using ML method, the GenBank IDs for all the sequence are shown, the main lineages proposed as CSFV genotypes are denoted (CSFV Genotype 1: green, CSFV Genotype 2: blue, CSFV Genotype 3: red, CSFV Genotype 4: purple, and CSFV Genotype 5: orange (this tree has been used with representation purposes only, an additional tree showing the significance value for the nodes is shown in Figure S1 . (c) P-distance between CSFV Genotypes, 1, 2, 3, 4 and 5, indicates the CSFV Genotypes 1, 2, 3, 4 and 5, respectively. Values above the diagonal represent the standard error, and values below the diagonal represent the p-distance values obtained using MEGA7 and 1,000 bootstrap replicates. ML, maximum likelihood [Colour figure can be viewed at wileyonlinelibrary.com] lineage (Figure 1b) . This lineage showed a genetic divergence compared to the remaining CSFV genotypes that ranged between 15.6% and 19.1% (Figure 1c) . The CSFV strains JJ9811 and YI9908 have been previously classified as Genotype 3, Subgenotype 3.2 (Lim et al., 2016) . However, this previous classification was based on the phylogenetic analysis using the segment of E2 comprising 190 nt (E2-190 marker) (Lowings, Ibata, Needham, & Paton, 1996) . In a previous report, it was shown that the phylogenetic marker E2-190 was associated with loss of phylogenetic information; besides, this marker was unable to reproduce the same topologies as the complete genome of CSFV or the E2-complete gene marker (Rios et al., 2017 Perez et al., 2012) . However, these isolates were reclassified as Subgenotype 1.4 when the phylogenetic analysis was accomplished using the E2-complete gene marker that showed a genetic segregation between 9.8% and 15.8% to sequences of Subgenotype 1.2 (Postel et al., 2013) . Thus, the use of the marker E2-190 could have lead to a misclassification of the CSFV strains JJ9811 and YI9908 into the Subgenotype 3.2 (Lim et al., 2016) . It is also relevant to consider that the lineage formed by the CSFV strains JJ9811 and YI9908 showed a genetic divergence of 16.6% with the CSFV strains belonging to the Genotype 3 (Figure 1b and c) . Thus, both analyses (the topology and the genetic divergence of the lineage formed by the CSFV strains JJ9811 and YI9908) support the divergence of this new lineage and we propose to designate it as a new CSFV genotype (CSFV Genotype 5) (Figures 1 and S1 ).
At intragenotype level, a new scheme of the genetic diversity was also revealed (Figures 2 and 3, Table 1 ). In the case of CSFV Genotype 1, seven subgenotypes were found, consisting of the four (1.1-1.4) previously recognized (Postel et al., 2013; Rios et al., 2017) , the two new subgenotypes (1.5-1.6) recently described circulating in Brazil (Silva et al., 2017 ) and a new subgenotype reported for the first time in the current study designated as CSFV Subgenotype 1.7 (Figure 2 and Table 1 ). The new Subgenotype 1.7 was strongly supported by bootstrap values and the genetic divergence showed in comparison with the remaining subgenotypes ( Figure 2 and Table 1 ). Thus, the CSFV Subgenotype 1.7 showed a genetic divergence ranged from 9.2% to 13.1% (Table 1) and evolutionary rates) were restricted to the B/C domain region, which has been recently described to bias the results for phylogenetic and phylodynamic approaches in CSFV (Rios et al., 2017) .
Therefore, further studies will be required to get a better understanding about the events supporting the switch of the Subgenotypes 1.1 to 1.7 in Ecuador. We also remark that the new cluster containing the CSFV strains circulating in Ecuador was previously The results obtained in the current study from the genetic divergence evaluation among all the statistically supported lineages (Figure 2) showed that no additional subgenotypes within the CSFV Genotype 1 were supported (Table S2 ).
Regarding CSFV Genotype 2, besides the three previously reported subgenotypes (Postel et al., 2012; Rios et al., 2017) , another four subgenotypes were identified ( Figure 3, Table 1 ) from the 19 sublineages assessed (Table S3 ). The lineage formed by sequences of CSFV strains that circulated in India during 2012-2013 formed a statistically supported cluster (Figure 3 and Table S1 ).
These sequences showed a genetic divergence of 11.9% with the Subgenotype 2.1, where the strains were previously located (Ahuja et al., 2015) , and a genetic divergence compared to the remaining subgenotypes into CSFV Genotype 2 that ranged between 9.1% and 13.8% (Table 1) . Hence, we propose this lineage to be defined as Table S1 ) formed a statistically supported cluster ( Figure 3 and Table S1 ) and showed a genetic divergence of 9.1% with the Subgenotype 2.1, where the strains were previously located; thus, we propose to define this lineage as CSFV Subgenotype 2.5 (Figure 3) . It is important to highlight that both CSFV Subgenotypes 2.4 and 2.5 were previously defined as Subgenotypes 2.1d and 2.1c, respectively (Gong et al., 2016) . Gong et al. (2016) also proposed another eight subgenotypes for a total of ten new subgenotypes all diversified from the Subgenotype 2.1 (Gong et al., 2016 ). However, a detailed analysis accomplished in Rios et al. (2017) showed that neither the genetic divergence showed by the lineages nor the statistical values in the topology resolved were enough to support the classification of these lineages as new subgenotypes (Rios et al., 2017 ).
In the current study, a supported diversification from the branch that originated the Subgenotype 2.1 yielded two new lineages (Subgenotype 2.4 and Subgenotype 2.5) (Figure 3) . The effect of the number of taxa on the support of the nodes in the phylogenetic tree has been previously reported as key element to be considered in the phylogenetic tree reconstruction (Philippe et al., 2011; Simion et al., 2017) . In addition, it is well known that including more taxa allows a better detection of multiple substitutions, decreasing the amount of nonphylogenetic signal while preserving phylogenetic signal, which can be translated in a better resolution of the topology (Philippe et al., 2011) . Therefore, the fact that the number of sequences used in the current study has been increased approximately in threefold in comparison with the sequences used in Gong et al. (2016) (517 sequences vs 160 sequences used in Gong et al., 2016) clearly improved the support of the node in the topologies obtained. Likewise, it has been previously demonstrated, taking into account the postulates of the neutral theory of evolution, that genetic diversity increases with a larger effective population size (Hague & Routman, 2016) . Hence, the taxa number increase could have been determinant in obtaining the genetic distance values for the Subgenotypes 2.4 and 2.5 (Table 1 and Table S3 ). Despite these novel results, it is also relevant to denote that nonadditional subgenotypes were found from the diversification of the Subgenotype 2.1 (Figure 3 and Table S3 ). Thus, in this regard, the present work reinforces the results previously described by Rios et al. (2017) , which evidenced that Subgenotypes 2.1 a, b, g, h, i and j defined by Gong et al. (2016) are not distinct enough to be regarded as new subgenotypes.
In addition to the two new subgenotypes (2.4 and 2.5) that emerged from the same ancestor than Subgenotype 2.1, another two subgenotypes (2.6 and 2.7) were defined into the CSFV F I G U R E 2 Phylogenetic tree for classical swine fever virus (CSFV) Genotype 1. All nonredundant genomes were analysed using ML method, and the GenBank IDs for all the sequences are shown. All the lineages assessed within the CSFV Genotype 1 (green) are denoted with black circles, and the main sublineages proposed as CSFV subgenotypes within CSFV Genotype 1 are denoted. All the remaining CSFV genotypes were collapsed: CSFV Genotype 2: blue, CSFV Genotype 3: red, CSFV Genotype 4: purple and CSFV Genotype 5: orange. Numbers along the branches refer to the percentages of confidence, and minor branch values were hidden. ML, maximum likelihood [Colour figure can be viewed at wileyonlinelibrary.com] Genotype 2 (Figure 3 and Table 1 ). These two proposed subgenotypes emerged from the same ancestor than Subgenotype 2.2 (Figure 3) . The new proposed Subgenotype 2.6 consisted of strains circulating in Viet Nam in 2014 (Table S1 ) with an ancestral CSFV strain that circulated in Italy in 1998 (Table S1 ). A recent report by Hung, Lan, Nga, Truong, and Phan (2017) described the same topological reconstruction for these Vietnamese strains emerging from the ancestral CSFV strain CSF0573-Parma circulating in Italy in 1998 (Hung et al., 2017) . However, as Hung et al. (2017) only employed a total of 29 sequences of CSFV, it was not possible to obtain a genetic divergence of this cluster with an accurate resolution compared to Subgenotype 2.2 (Hung et al., 2017 ). In the current study, the independent segregation of this lineage (defined as 2.6) was statistically supported by a 100% of bootstrap value. In addition, the F I G U R E 3 Phylogenetic tree for classical swine fever virus (CSFV) Genotype 2. All nonredundant genomes were analysed using ML method, and the GenBank IDs for all the sequences are shown. All the lineages assessed within the CSFV Genotype 2 (blue) are denoted with black circles, and the main sublineages proposed as CSFV subgenotypes within CSFV Genotype 2 are denoted. All the remaining CSFV genotypes were collapsed: CSFV Genotype 1: green, CSFV Genotype 3: red, CSFV Genotype 4: purple, and CSFV Genotype 5: orange. Numbers along the branches refer to the percentages of confidence, and minor branch values were hidden. ML, maximum likelihood [Colour figure can be viewed at wileyonlinelibrary.com] new proposed Subgenotype 2.6 showed a genetic distance of 13.0% compared with Subgenotype 2.2 (Table 1) , and the genetic divergence compared with the remaining subgenotypes was ranged between 9.3% and 13.0%. Therefore, based on all the results obtained, we consider this lineage as a new subgenotype designated as 2.6 ( Figure 3 and Table 1 ).
In a surprising manner, the strain Bergen isolated in the Netherlands in 1977 formed an independent lineage, statistically supported with 85% of bootstrap value (Figure 3 ) and showed a genetic divergence of 10.8% compared to Subgenotype 2.2 (Table 1) , where it was previously included (Postel et al., 2012) . Relevant aspects need to be clarified regarding this result. First, the lineage proposed as the new Subgenotype 2.7 was composed by two nonidentical sequences from the CSFV Bergen strain. This strain has four sequences on Genbank database: one sequence for the complete E2 gene (JQ411587.1), another sequence for the complete genome (KJ619377.1) and two sequences for the NS5B region (U30720 and AF182909.1). However, both E2 sequences for this viral strain (JQ411587.1 and the E2 sequence extracted from the complete genome [KJ619377.1]) are not identical; therefore, they were analysed independently. Second, in a previous report, it was highlighted that the CSFV-strain Netherlands/JQ411587.1 "Bergen" (CSF0906) partially displayed a higher genetic similarity to some Genotype 2.1 isolates than to different 2.2 isolates, disturbing the segregation of 2.1 and 2.2 isolates (Postel et al., 2012) . However, as Postel et al. (2012) only used 33 CSFV sequences, they also faced the trouble of acquiring both an accurate resolution and a proper genetic divergence of this new cluster compared to the Subgenotype 2.2.
However, for the remaining genotypes (CSFV Genotype 3, CSFV Genotype 4 and CSFV Genotype 5) a diversification in additional subgenotypes was not detected ( Figure S2 , Tables S4 and S5 ).
In the current study, a new classification scheme for CSFV is proposed. The increased number of CSFV sequences available on GenBank database, especially of the full E2 gene, facilitated obtaining a better resolution for the topology of CSFV tree. In addition, the establishment of a reliable cut-off value by Rios et al. (2017) made possible to accurately define genotypes and subgenotypes for CSFV. Similar approaches have been accomplished for other viral agents. Thus, the growing number of sequences for infectious bursal disease virus (IBDV) and the use of phylogenetic methodologies have enabled a new classification of this viral agent into seven genogroups, updating the previous classification which only recognized three groups (Michel & Jackwood, 2017) . Likewise, for porcine circovirus type 2 (PCV2), a new genotype has been added to the previous taxonomic classification, after the analysis of approximately 3,300 new sequences of the complete genome of this virus (Franzo, Cortey, Segales, Hughes, & Drigo, 2016) , which were submitted to GenBank database after the first taxonomical classification for PCV2 had been accomplished (Grau-Roma et al., 2008) .
The current study also highlights the importance of submitting nonredundant sequences for CSFV. Although a new classification scheme is provided here, it is relevant to denote that some phylogenetic clades have better representation of viral isolates than others. Thus, we encourage the different research groups to increase their molecular epidemiology studies regarding CSFV using the E2-full gene marker, avoiding misclassifications and inaccurate phylogenetic relations for this viral agent and stimulating the acquisition of new representative CSFV sequences. At last, the results presented here will facilitate future analyses focused on elucidating evolutionary relationships among different CSFV isolates. The update in the classification of CSFV will allow the scientific community to establish more accurately the links among different outbreaks of the disease.
T A B L E 1 Genetic distances based on full-length E2 gene sequences of CSFV for different subgenotypes 
